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SYSTEMS AND METHODS FOR TIME DEPENDENT DATA STORAGE AND RECOVERY 

Field of the Invention 

[0001] The invention relates to the field of data storage and, in particular, to time-dependent 
data storage and recovery. 

Background of the Invention 

[0002] Business enterprises rely increasingly on computer systems that allow the sharing of 
data across a business enterprise. The data storage systems that have evolved to store large 
amounts of data typically are critically important to an enterprise. As a result, the disruption or 
failure of the data storage system can cripple operation of the entire enterprise. 

[0003] Data used by applications running on computer systems are typically stored on 
primary storage devices (e.g., disks) and secondary storage devices (e.g., tape and cheaper disk 
drives) for protection. As these applications run, the data changes as a result of business 
operations. Information technology departments typically deal with a number of problems 
concerning data storage systems. Generally, however, these fall into two broad categories: 
hardware failure and data corruption. 

[0004] The business significance of data storage systems and the importance of the integrity 
of the data that they store and maintain has generated a correspondingly high interest in systems 
that provide data protection and data recovery. At present, mirroring and snapshot technology 
are the two primary approaches available to enterprises interested in data recovery. In the event 
of a system failure, data recovery allows an enterprise to recover data from a prior point in time 
and to resume operations with uncorrupted data. Once the timing of the hardware failure or 
corrupting event, or events, is identified, recovery may be achieved by going back to a point in 
time when the stored data is known to be uncorrupted. 

[0005] Typically, data storage devices include individual units of storage, such as cells, 
blocks, sectors, etc. Read commands generated by a host system (used generally to mean one or 
more host systems) direct the information system to provide the host with the data specified in 
the request. Traditionally, the information is specified based on its location within the data 
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storage device, e.g., one or more specific blocks. Write commands are executed in a similar 
fashion. For example, data is written to a specific unit of storage in response to an I/O request 
generated by a host system. A location identifier provides direct association between the data 
and the unit of storage in which it is stored. Thereafter, the location identifier is employed to 
read and update the data. 

[0006] On the hardware failure side of the data protection problem, vendors provide a few 
different mechanisms to help prevent hardware failure from affecting application availability and 
performance, for example, disk mirroring. This is a mechanism where multiple disks are 
grouped together to store the same information, allowing a disk to fail without preventing the 
application from retrieving the data. In a typical setup, the user will allocate 1-4 mirror disks for 
each application data disk. Each write request that is sent to the application primary disk is also 
sent to the mirror copies, so that the user actually has N (where N is between 2 and 5 typically) 
disks with the exact same data on it. As a result, the mirroring approach provides at least one 
complete backup of the then current data. Thus, if a disk failure occurs, the user still has 
application data residing on the other mirror disks. A redundant array of independent disks 
("RAID") provides one example of a mirroring system. 

[0007] However, mirroring is ineffective when data corruption occurs. Data corruption 
comes in many forms, but it generally is recognized when the user's application stops 
functioning properly as a result of data being written to the disk. There are many possible 
sources of data corruption such as a failed attempt to upgrade the application, a user accidentally 
deleting key information, a rogue user purposely damaging the application data, computer 
viruses, and the like. Regardless of the cause, mirroring actually works against the user who has 
experienced data corruption because mirroring replicates the bad data to all the mirrors 
simultaneously. Thus, all copies of the data are corrupted. 

[0008] Additionally, because the disks are continuously updated, a backup of historical data, 
i.e., a snapshot of the data present in the data storage device at a past time T, can only be created 
if the system is instructed to save the backup at or prior to time T. Thus, at time T+l the system 
is unable to provide a backup of the data current at time T. Further, each unit of storage is saved 
regardless of whether the data stored in it is unchanged since the time that the previous backup 
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was made. Such an approach is inefficient and costly because it increases the storage capacity 
required to backup the data storage device at multiple points in time. Also, the mirroring 
approach becomes less efficient and more error prone when employed with larger data storage 
systems because large systems span hundreds of disks and the systems cannot assure that each 
disk is backed up at the same point in time. Consequently, complex and error prone processes 
are employed in an attempt to create a concurrent backup for the entire data storage system. 

[0009] As described above, snapshots, also referred to as single point in time images, are 
frequently created in conjunction with a mirroring system. Alternatively, a snapshot approach 
may be employed as an independent data storage and recovery method. In the snapshot 
approach, the user selects periodic points in time when the current contents of the disk will be 
copied and written to either a different storage device or an allocated set of storage units within 
the same storage device. This approach suffers, however, from the same shortcomings as 
mirroring, that is, all snapshots are created at the then current point in time either in conjunction 
with the users request or as a result of a previously scheduled instruction to create a snapshot of 
the stored data. Whether alone or in combination, neither data mirrors or data snapshots allow 
the user to employ hindsight to recreate a data set that was current at some past time. Because 
the data stored in each of the storage units is not associated with an individual time identifier, a 
user is unable to go back to view data from a particular point in time unless coincidentally a 
historical backup was previously created for that time. There is no way to restore the data at an 
intermediate time, for example time (T-l), between the current time (T) and the time that the last 
backup disk was saved (for example T-2). Also, generation of single point in time images 
generally is a lengthy process. Image generation time has become even more significant as the 
storage capacity and data set sizes have increased. 

[0010] The storage industry, as a result, has focused on providing both faster and more 
frequent image generation. Suppliers of data recovery systems that employ tapes have attempted 
to provide larger, more scalable tape libraries by increasing system capacities and the quantity of 
tape heads in order to allow parallel operation. Suppliers of disk based systems have focused on 
how to use disk drives to provide more single point in time images with improved response 
times. In one approach, one of a quantity N mirror disks is brought offline at a specified time in 
order to create a single point in time image at that time. The approach may allow for an 
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increased number of images provided that the quantity of mirror disks is increased sufficiently. 
However, this approach significantly increases the required storage capacity with each point in 
time, for example, for a 5 terabyte application, 30 terabytes of storage are required to support 2 
standard mirror disks and 4 point in time images. Because these solutions are only attempts at 
fixing existing approaches they do not provide a solution that is workable as the capacity of data 
storage systems continues to increase. 

Summary of the Invention 

[0011] The present invention addresses the shortcomings of current systems by facilitating 
the recovery of data at any prior point in time, even when the request is made at a time following 
the recovery time. 

[0012] In general, in one aspect, the invention relates to a storage system including a 
plurality (e.g. two or more) units of storage (e.g., blocks or any other unit of digital storage that 
are uniquely addressable). Each unit of storage stores digital data. The unit of storage can be 
accessed by specifying an address and a time. The dimension of time is therefore part of the 
access - and is specified, for example, as part of the I/O command or via a side channel. The 
storage system can include one or more physical storage devices on which the digital data is 
stored. The address can include a device identifier as well a location identifier. The device 
identifier can identify a logical storage device or a physical device. The time can specify that the 
digital data retrieved is current data from the address that is the most recent digital data written to 
the address at or before the time. In one embodiment, current data can be provided substantially 
instantaneously to a user in response to a user access request. In a version of this embodiment, 
the storage system includes a minimum storage capacity of two terabytes. 

[0013] The capabilities of the storage system are improved when the time can either be 
explicitly specified or implicitly specified in the request to access the unit of storage. For 
example, the time may be implicitly the current time. It is particularly useful when the time can 
be specified either relative to another time or absolutely. For example, when the time is 
specified relative to another time there is no need for the host and the storage management 
device to have precisely synchronized clocks. In one embodiment, the time is specified relative 
to the current time. The time can be specified in a command to the storage system that is 
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separate from a request to read a unit of storage. In one embodiment, the storage system creates 
a virtual device and the time specifies the time when the virtual device is created. In a version of 
this embodiment, the time is specified when the virtual device is accessed. In a version of this 
embodiment, new data is written to the virtual device without removing the data that was written 
after the time specified when the virtual device was created. This is useful in providing past 
images of the virtual device. 

[0014] In one aspect, the invention relates to a method of accessing data stored on a storage 
device that is particularly suited to instantly restoring a storage device (e.g., a disk drive, a 
logical unit, a virtual unit, etc.) to as past time. An address and a time are specified to access the 
data stored on the storage device at the address at or before the time. This is particularly useful 
to users who are performing forensic analysis of the storage device. In one embodiment, the 
address includes a device identifier and a location identifier. It is particularly useful to present a 
virtual storage device for which the time is implicitly set to the specified time for all addresses of 
the virtual storage device because it allows generation of the virtual storage device substantially 
instantaneously. In one embodiment, data is written to the virtual storage device. 

[0015] In general, in another aspect, the invention relates to an apparatus for storing data that 
presents one or more virtual devices that are accessed by specifying an address and a time. The 
apparatus includes a storage appliance that interfaces with a computer. Additionally, one or 
more physical storage devices interface with the storage appliance. Each storage device is 
controlled by the storage appliance. The storage device presents the virtual devices by providing 
access to the data on the virtual devices based on an address and a time. 

[0016] In general, in yet another aspect, the invention relates to a data packet that 
corresponds to a storage device command. The data packet includes a storage device address 
and a time specification. The storage device address identifies the location of one or more units 
of storage. In one embodiment, the storage device address includes a logical block address. The 
time specification specifies the data that was most recently stored at the storage device address at 
or before the time specified in the time specification. The data packet can also include other 
information, including for example, a command type (e.g. read, write, etc.), a transfer length and 
a field that indicates whether the time field is relative or absolute. In one embodiment, the 
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storage device command is a write command. In another embodiment, the storage device 
command is a read command. 

[0017] In general, in another aspect, a method for providing data from a data store includes 
receiving a time specification. The specified time can be selected from a substantially 
continuous time interval, for example, the interval between a past time and the current time. 

[0018] The time specification can be received in various ways, and can be in-band, that is 
through the same storage protocol as data requests. The time specification could be in the same 
packet or command as a data request. The time specification can be received out-of-band, for 
example via another protocol, via a user interface or command line on a console of the storage 
management device or other system, or some combination. The time specification can be for an 
absolute time or a relative time. 

[0019] The method also includes receiving a request for data at an address in a first data 
store. The request can be any of a variety of requests, including standard storage protocol 
requests (e.g., a SCSI read request) and non-standard requests, such as a request that includes the 
time specification. The address can specify a location in the first data store, and can include a 
specifier for the data store, such as a logical unit number, and data store specifiers can also be 
provided elsewhere in the request. The address can include a logical block address. The request 
can include a request length indicating the size of the data requested. 

[0020] The time specification and request for data can be communicated in the same packet. 
The packet can be in the format of an I/O command block (i.e., a data storage protocol 
command), such as a SCSI command. 

[0021] The method includes identifying the location of data at the requested address at the 
specified time in response to the time specification and the data request. 

[0022] In one embodiment, the location is chosen from a first time store associated with the 
first data store and a first current store associated with the first data store, or some combination. 
The identifying step can include determining whether the data at the requested address at the 
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specified time was changed after the specified time. If data at the requested address was changed 
after the specified time, the identified location is the time store. If the data was not changed, the 
identified location is the current store. 

[0023] In this embodiment, the current store stores current data, and the time store stores data 
previously stored in the current store that was subsequently overwritten. The time store and the 
current store are stored on at least one physical storage device. The physical storage device can 
be any of a variety of storage devices, including without limitation another storage appliance, a 
RAID or other device, or can be one or more hard disks, optical disks, memory, etc. 

[0024] In another embodiment, the location is chosen from at least one of a first time store 
associated with the first data store, a first current store associated with the first data store, a 
second time store associated with a second data store, and a second current store associated with 
a second data store. This could be the case, for example, where the first data store is based on a 
prior image of the second data store. Likewise, the location can be chosen from additional time 
stores and data stores depending on the configuration. In theory, there is no limit to the number 
of levels that can be employed. 

[0025] In separate but related aspect, a system for implementing the method above includes a 
first receiver module for receiving a time specification, a second receiver module for receiving a 
request for data at an address in a first data store, an identifier module for identifying the location 
of the requested data at the requested time in response to the time specification and the data 
request, and a reader module for reading the requested data from the identified location. The 
first and second receiver module can be the integrated into the same or can be different modules, 
and can be implemented with the system described below. 

[0026] Thus, the following method can be used to identify a time at which first data was 
written to a first data store. A second data store is configured to respond to data requests made to 
the second data store with data stored in the first data store at a first time in the past. The first 
time can be selected from a substantially continuous time interval, typically between a past time 
and the current time. Preferably, the second data store is a virtual representation of the first data 
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store at the first time, and so it can be accessed virtually instantaneously, with minimal or no data 
copying or movement. 

[0027] The configuration can take place by using a user interface, through a command line, 
storage protocol command, in-band, out-of-band, etc. Thus, the configuration can include 
communicating the first time to the data store via the same channel by which the data requests 
are received, or by a different channel. 

[0028] Data is requested from the second data store and received in response. It can be 
determined then from the received data if the first data store contained the first data at the first 
time. For example, the second data and the first data can be compared, or a checksum or other 
function of the first data and the second data can be compared. 

[0029] These steps can then be repeated. For example, the second data store can be 
configured to respond to data requests made to the second data store with the data stored in the 
first data store at a second time in the past. Data is again requested from the second data store 
and received in response. It can be determined then from the received data if the first data store 
contained the first data at the second time. 

[0030] As these steps are repeated each time, a system administrator can determine when 
data was written, by determining when it appears in a prior image (e.g., at a third time, fourth 
time, etc.). Because the time can be selected from a substantially continuous time interval, the 
time at which the data was written can be determined to the limits of the storage management 
device. 

[0031] The data searched for can be corrupted data, for example, or it can be data sought as 
part of a forensic or debugging analysis. The first data store can be the same as the second data 
store. Likewise, a new data store can be used for each repetition, so that the first repetition 
configures the second data store, the next configures a third data store, the next configures a 
fourth data store, and so on. 
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[0032] Various techniques can be used to manually or automatically search for the relevant 
times, and various search techniques can be used. For example, the second and third times can 
be selected in response to the previous determinations. 

[0033] As described, this can be accomplished by the storage management device 
continuously saving information stored in a data store before it is overwritten, for example, by 
the copy-on-write operation described. 

[0034] In one embodiment, such a method for identifying a time at which a data was written 
or modified in a store (e.g., when a data store was corrupted) includes configuring a data store to 
respond to data requests made to the data store with the data in the data store at a first time in the 
past. The method includes requesting data from the data store once it is so configured, receiving 
data from the data store in response to the request; and determining from the received data 
whether the data store was corrupted at the first time. These steps can be repeated while 
substituting a second time (or third or fourth time and so on) for the first time, such that each 
repetition substitutes a respective another time for the first time. 

[0035] The second time can be, for example, earlier than the first time if it was determined 
that the data store was corrupted, and the second time can be later than the first time if it was 
determined that the data store was not corrupted. Likewise, the second time can be earlier than 
the first time if it was determined that the data store was corrupted, and the second time is later 
than the first time if it was determined that the data store was not corrupted. Likewise for the 
third, fourth time, etc., and again these can use a search algorithm or other technique to 
determine the time at which corruption occurred. The number of repetitions can be the number 
of repetitions until a time range in which the data store was corrupted is identified, or some 
number more or less than that can be used. 

[0036] This method can be followed by finally configuring the data store to respond to data 
requests made to the data store with the data in the data store during the identified time range. 
That is, a same or different data store can be configured to respond to requests prior to the time 
of corruption. Put in context of an example, if a disk volume was accidentally formatted, the 
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time can be identified at which the formatting took place by the above method, and the disk 
accessed in the state that it was prior to the formatting. 

[0037] In general, in another aspect, a storage management device includes a one or more 
I/O (data input/output) processing modules in communication with an internal network for 
communication among the processing modules. 

[0038] Each of the I/O processing modules can include a target mode driver for 
communication with a host for receiving I/O requests. Each of the I/O processing modules also 
can include a buffer in communication with the target mode driver for storing the received I/O 
requests. Each of the I/O processing modules can include a data classifier in communication 
with the target mode driver for classifying received I/O requests and extracting control 
information associated with the requests. 

[0039] Each of the I/O processing modules can include an I/O manager in communication 
with the data classifier for processing the extracted I/O control information, forwarding 
processed I/O control information, monitoring and indexing the flow of information within the 
storage management device, tracking the performance of the storage management device, and 
managing I/O. The I/O manager ensures that modified units of storage are saved and accessible 
for future reference. Each I/O manager can subscribe to process I/O for a specified plurality of 
units of storage. 

[0040] In one embodiment, the I/O manager includes a current store controller, a time store 
controller, and functional storage. The I/O manager can implement optimization routines by 
tracking idempotent groups of control packets. The I/O manager can maintains a number of 
control information tables. 

[0041] The I/O managers can include one or more time store controllers. The time store 
controllers can creates a map of all units of storage which have been overwritten in a data store 
since a recovery time. Thus, the I/O manager can create a region map that identifies a storage 
location for past data. The I/O manager can evaluate read requests to determine whether the 
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requested units of storage were involved in a prior write operation and so implement 
optimizations. 

[0042] Each of the I/O processing modules can also include a physical store interface in 
communication with the I/O manager and the buffer, the physical store interface for 
communicating with at least one physical store in response to the processed I/O control 
information. 

[0043] It should be understood that there can be zero, one, two or more of these components 
in an I/O processing module, and there can be one, two, or more processing modules in an 
embodiment of a storage management device. In general, more processing modules will be used 
for higher performance and larger amounts of data. 

[0044] The foregoing and other objects, aspects, features, and advantages of the invention 
will become more apparent from the following description and from the claims. 

Brief Description of the Drawings 

[0045] In the drawings, like reference characters generally refer to the same parts throughout 
the different views. Also, the drawings are not necessarily to scale, emphasis instead generally 
being placed upon illustrating the principles of the invention. 

[0046] FIG. 1 is a block diagram of a storage system including a current store and a time 
store according to an embodiment of the invention. 

[0047] FIG. 2 is a diagram depicting an embodiment of an I/O request sent by host to a 
storage management device. 

[0048] FIG. 3 is a table depicting a series of write commands directed to a data store in an 
embodiment of the invention. 

[0049] FIG. 4 is a block diagram depicting the generation of multiple prior images of a data 
store according to an embodiment of the invention. 
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[0050] FIG. 5 is a block diagram depicting the generation dynamic current stores according 
to an embodiment of the invention. 

[0051] FIG. 6 is a timeline depicting the generation of a recovery data store. 

[0052] FIGS. 7 A and 7B are tables depicting the contents of a current store and a time store 
during a series of write commands directed to the current store. FIG. 7A depicts the current 
store. FIG. 7B depicts the time store. 

[0053] FIG. 8 is a table depicting the generation of a prior image of a data store according to 
an embodiment of the invention. 

[0054] FIG. 9 is a block diagram of a processor module according to an embodiment of the 
invention. 

[0055] FIG. 10 is a block diagram depicting further details of a storage management device 
according to an embodiment of the invention. 

[0056] FIG. 1 1 is a block diagram of an I/O manager according to an embodiment of the 
invention. 

[0057] FIG. 12 is a block diagram of a storage management device according to an 
embodiment of the invention. 

Detailed Description 

[0058] FIG. 1 provides a general overview of a storage system 30 that allows for the 
generation of images of a data store from points in time that are prior to a request time. A host 
34 communicates with a physical store 36 via a storage management device 38. In one 
embodiment, the physical store 36 stores digital data. In a version of this embodiment, the 
physical store 36 is one or more disk drives. For example, the disk drives can be magnetic disk 
drives, optical disk drives, or a combination of both types of disk drives. In another version of 
this embodiment, the physical store 36 includes one or more tape drives. The physical store 36 
can be one or a combination of drives, or a storage area network. The physical store 36 can itself 
be a virtual drive presented by any of a variety of storage networks, appliances, or controllers. 
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The physical store 36 can be, for example, a mirrored disk or RAID system, or other storage 
appliance. 

[0059] The host can be any type of network or system(s) that accesses physical store 36 
and/or any other form of data storage. In one embodiment, the host 34 includes a number of 
computers on a computer network. The host can include a storage network that is accessed by 
one or more users via a plurality of workstations, personal computers, or a combination of the 
two. 

[0060] In one embodiment, the storage management device 38 itself can be a "storage 
appliance." It can be, for example, a separate device with processors and memory. The storage 
management device 38 functionality described here can also be integrated into an existing 
enterprise system a storage area network. In one embodiment, the storage management device 
38 is implemented as a firmware layer of a storage system. A In one embodiment, the storage 
management device 38 uses both a current store A 44 and a time store A 46 data for a disk 
volume A. Although, the figure shows current store A 44 and time store A 46 as located within 
storage the management device 38, preferably, the data associated with one or both of current 
store A 44 and time store A 46 is stored in the physical store 36. In such case, the storage 
management device 38 keeps track of the data in the current store A and the time store A in its 
memory, for example in the form of indexes and pointers, and reads and writes data to and from 
the physical store 36. The current store A 44 and the time store A 46 can be allocated separate 
groups units of storage in the physical store 36, for example, or their data can be intermixed on 
the physical store. 

[0061] The current store A 44 and the time store A 46 could also be implemented in random 
access memory ("RAM") or other storage located in the storage management device 38. In a 
version of this embodiment, the current store A 44 and the time store A 46 are in different 
memories. Further, the media type that stores the current store A 44 can be different than the 
media that stores the time store A 46, e.g., the current store A 46 can be on a disk drive while the 
time store A 44 is on RAM. In another version, the current store A 44 and the time store A 46 
comprise different sections of the same memory. In another embodiment the current store A 44 
and the time store A 46 comprise physical disks, which may be the physical store 36 or 
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otherwise. The current store A 44 and the time store A 46 can be stored on the same physical 
disk, or that can both be in portions of many different physical disks. 

[0062] The current store A 44 stores current data and the time store A 46 stores older data 
from the current store A 44 that has since been replaced (i.e., overwritten) by newer data. The 
storage management device 38 employs information from either or both of the current store A 44 
and the time store A 46 to generate and present to the host 34 current and past images of disk 
volume A. In one embodiment, each pair of current store A 44 and time store A 46 implements 
one or more logical devices. In a version of this embodiment, the storage management device 38 
does not include a disk drive, but uses the physical store 36 to store the data on such virtual 
drives. 

[0063] The storage management device 38 communicates with the host 34 over a first 
communication link 40. The first communication link 40 can be any sort of data 
communications link, such as a LAN, storage network or bus including a Fibre Channel and 
Small Computer Systems Interface ("SCSI"). Ethernet (e.g., Gigabit ethernet) and wireless 
communication are other possibilities for the first communication link 40. In one embodiment, 
the storage management device communicates SCSI protocol at the logical layer, and is able to 
communicate using one or more of a variety of physical layers, including SCSI bus, Fibre 
Channel, Fibre Channel 2, or iSCSI over ethernet. In response to the host 34 I/O requests, over 
the communication link 40, the storage management device 38 acts as if it was the physical store 
36. The host's 34 I/O requests can include both read and write commands to units of storage. 

[0064] The storage management device 38 communicates with the physical store 36 over a 
second communication link 42. The second communication link 42 can also be any sort of data 
communications link, such as a LAN, storage network or bus including (without limitation) Fibre 
Channel, Small Computer Systems Interface ("SCSI"), Integrated Drive Electronics ("IDE"), 
FCon, and FiCon. Ethernet (e.g., Gigabit ethernet) and wireless communication are other 
possibilities for the second communication link 42. In one embodiment, the physical store 36 
and the second communication link 42 are implemented in a storage area network. 
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[0065] With primary storage systems to date, the data which is stored on the devices is 
indexed by an address which is made up of a device and an offset. The storage address space is 
divided up into blocks (e.g., sectors), where each block is 5 12 bytes long. When presented with 
an I/O request, the I/O request is sent to a specific device/disk/storage unit, and the address is 
known as a Logical Block Address ("LBA") and a length. In this example, the block comprises 
the unit of storage and the LBA indicates the unit of storage where the I/O operation begins, i.e., 
a specific 512-byte block that is part of the device. The length indicates how many 512-byte 
blocks the I/O request will operate on. For instance, in order to read 4096 bytes from a device 
starting at byte 8192, the LBA would be set to 16 and the length would be 8. Block sizes, less 
than or greater than 512 bytes can also be used, for example, a block can be 520 bytes long. 
Additionally, the unit of storage may be any part of the storage address space that is uniquely 
addressable. 

[0066] In one embodiment, time is an added dimension in a second part of the address space 
for a given storage device. The user can request a specific LBA (and associated block span), and 
the user is also afforded the option of requesting a specific LBA/span combination at a specific 
point in time. The time is selected from a substantially continuous time interval, and doesn't 
have to be determined in advance. This capability can be provided at the block addressing level, 
and it can be applied to entire devices in order to produce a variable point in time storage. 

[0067] In one embodiment, storage device management device 38 commands include an 
address that includes a location identifier and a time identifier. In one implementation, the 
location identifier can include at least one of a logical device identifier and a unit of storage with 
the logical device. The time identifier can be a current time or it can be a recovery time, i.e., a 
prior point in time for which the data stored in that unit of storage is desired. In this description, 
the prior time for which data is requested by the host 34 is referred to as the "recovery time." A 
"request time" refers to the time at which the host 34 makes a request for data from a recovery 
time. The units of storage of digital data can be accessed by specifying an address that includes 
both a location or address and a time. The storage management device 38 thus can present a 
continuum of "prior images" of a data store to the host 34 regardless of whether a snapshot was 
generated prior to the request time where each prior image is a view of the disk at the recovery 
time. In one embodiment, an increment that defines a minimum elapsed time between 
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consecutive time identifiers is sufficiently small that it allows the generation of a prior data store 
from a substantially continuous time interval. In a version of this embodiment, requests for a 
current image can be responded to with data located entirely on the current store A 44 without 
employing any of the data from the time store A 46. However, as will be explained below in 
more detail, requests for data from a prior time (i.e., a prior image) can require data from both 
the current store A 44 and the time store A 46. 

[0068] In one embodiment, each host 34 I/O request includes one or more target units of 
storage identified by a device identifier (e.g., a physical disk, a logical device, a virtual device, 
etc.), a first unit of storage (e.g., an LBA, etc.), a length, and for read commands, a time 
identifier. Write commands include a data payload comprising data that is being written to the 
target units of storage. 

[0069] In another embodiment, the time identifier is implied, in the sense that a logical 
device is provided by the storage management device 38 that is a view of another first logical 
device at an earlier time. The second logical device can be established through out-of-band 
communication (e.g., at a console of the storage management device) or by way of in-band 
communication between the host 34 and the storage management device 38. In one embodiment, 
once the second logical device is established, units of storage associated with it can be accessed 
by requesting data from the second logical device rather than expressly requesting data for a 
specific time. 

[0070] In one embodiment, the time store includes both control information, also referred to 
as "meta data," and payload data. In a version of this embodiment, the control information 
includes a time stamp that indicates when a particular unit of storage in the current store 44 was 
directed to be overwritten as a result of a write operation, the location in the current store 44 of 
the unit of storage where the data originated from, and the location in the time store 46 where the 
old data is now stored. The payload data that is stored in the time store 46 can include data that 
formerly appeared in the current store 44 but has been replaced by new data. 

[0071] FIG. 2 depicts an embodiment of an I/O request, specifically, a time-based read 
command that can be sent by the host 34 to the storage management device 38. In one 
embodiment, the I/O request is a SCSI command. FIG. 2 identifies each bit included in the 3 1 
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bytes of the command block 88. In byte 0, an operation code identifies the type of command to 
be performed, i.e., a time-based read command. Bytes 2-9 are for the Logical Block Address 
that identifies a first unit of storage that the read command operates on. Bytes 10-13 are for the 
transfer length, which indicates the number of blocks that are being read beginning with the unit 
of storage (i.e., block) identified by the logical block address. Bytes 14 and 15 are reserved for 
future use. 

Byte 16 is a RelativeChk field that indicates whether the time field is relative or absolute. 
If the RelativeChk field is 0, the time specified in the command block is relative to the present 
time; therefore, a 0 indicates that the time specified is a past time measured from the current 
time. For example, a recovery time of T-5000 specified at a request time T provides an example 
of a read command with a recovery time that is relative to current time T, i.e., the recovery time 
is 5000 increments of time prior to the current time. If the RelativeChk field is non-zero, the 
time specified is a specified absolutely, i.e., without reference to another time. For example, 
such an I/O request could include a relative time and the storage management device 38 could 
have a minimum increment of time that is one second or less. In another embodiment, the I/O 
request could include an absolute time and the minimum time increment could be one 
millisecond or less. 

[0072] Bytes 17-24 include the specified read time, either relative or absolute. If the read 
time is absolute, the recovery time is included in bytes 17-24. If the read time is relative, the 
recovery time is calculated based on subtracting the specified read time from the current time. 
Bytes 25-30 are reserved for future use. Byte 31 is the control field of the command block 88. 

[0073] In operation, data is provided to the host 34 in response to I/O requests generated by 
the host 34 and communicated to the storage management device 38 over the first 
communication link 40. To maintain a historical record of data that was stored in current store A 
40 in the past, in one embodiment, the storage management device 38 employs a copy-on- write 
process when a host 34 I/O request directs the storage management device 38 to replace existing 
data with new data. Upon receipt of the host's 34 write request, the copy-on- write operation is 
executed by copying the existing data that is to be replaced from the current store A 44 to the 
time store A 46. The location in the current store A 44 from which the data is copied is referred 
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to as the original location. The location in the time store A 46 in which the old (i.e., overwritten) 
data is stored is referred to as the destination location. 

[0074] It may be that an actual copy of data is not performed upon the occurrence of a write 
operation in a particular instance, for example, because the data that will be overwritten is 
already saved (because it was saved with other nearby blocks, for example) or because the data is 
saved in memory and not written immediately. Here, copy-on-write operation can mean actual 
copying, but also can include such optimizations that allow for the effect of a copy-on-write. 
The storage management device 38 keeps track of the data that was in a unit of storage before it 
is overwritten, and there is sufficient information in a time store to obtain the saved data from 
somewhere within the storage management device 38, the physical store, and/or elsewhere after 
the block is overwritten. For simplicity of explanation, the examples described below generally 
present the operation of the storage management device 38 as if the copy-on-right were always 
performed, with the understanding that optimizations can be used in practice. 

[0075] In one embodiment, the storage management device 38 indexes each copy-on-write 
and retains a record of the original location, the destination location, and a timestamp. In various 
embodiments, the timestamp includes the time at which the data was written to the current store 
A 44 or the time store A 46. In another embodiment, the timestamp includes the time that the 
write request was received and processed by the storage management device 38. 

[0076] As a demonstrative example, the storage management device 38 can present to the 
host 34 a data store A. In this example, data store A is a disk volume. In one embodiment, data 
store A is implemented with a current store A 44 and a time store A 46. The storage 
management device 38 is capable of storing each change made to the volume A, and further, of 
providing to the host 34, a "prior image" of the volume as it existed at times in the past. As 
described above, the storage management device 38 can be accessed with a time specification. 

[0077] Generally, because of the high volume of I/O requests found in the data management 
systems employed in enterprise applications, each prior image of data store A will include at 
least some data from time store A 46 in those applications. For example, if at present time T, 
host 34 requests a prior image of data store A at some time in the past T-100, the storage 
management device 38 will review its index and determine the units of storage on data store A 
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that have been updated between time T-100 and the present (T). The host 34 receives data from 
the prior image of data store A, at time T-100, that includes the units of storage from current 
store A 44 that have not been updated since T-100 and, for those units of storage that have been 
updated since T-100, the units of storage from time store A 46 representative of the data store A 
at T-100. 

[0078] As another example, at a current time T, host 34 requests an image of data store A 
from a prior time T-30. In response, the storage management device 38 generates a prior image 
for T-30 by employing data that exists in the current store A 44 provided that the storage unit has 
not been updated since the request time T-30. However, the data from current store A 44 is 
combined with data from time store A 46 for each record that has been updated since the request 
time T-30. For example, if data stored in Block 100 of current store A 44 was written once since 
the request time of T-30 (e.g. at time T-20), the old data that was transferred from the current 
store A 44 to the time store A 46 as a result of copy-on- write command that occurred at time T- 
20 would be found in time store A 46 at a specific address. That is, the data in time store A 46 
will be indexed with its location and a timestamp indicating that it was written at time T-20. 
Because this is the only point in time since T-30 in which Block number 100 was written, the 
unit of storage identified by Block 100 and time T-20 stored in time store A 46 is the 
representative data of Block 100 that will be presented to host 34 when the image of data store A 
at time T-30 is created. 

[0079] Referring to FIG. 3, in a much-simplified illustrative example, a storage management 
device 38, presents a volume A that includes five units of storage, shown for simplicity as 100 
byte blocks Block 100, Block 200, Block 300, Block 400 and Block 500. In this example, five 
updates are made to data store A between the current time T and a past time. Past write times are 
shown in this example, and for simplification these are identified as times T-60, T-48, T-33, T- 
29, and T-15. In this notation, the time T-60 is 60 units (e.g., seconds, milliseconds, 
microseconds) prior to time T. In an actual implementation, the units would be small increments 
of time, and so these numbers (i.e., 60, 48, 33, 29, 15) would likely be significantly larger. 
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[0080] In this example, Block 100 is updated at time T-60. Block 300 is updated at time T- 
48. Block 200 is updated at time T-33 and again at time T-29. Block 400 is updated at time 'T- 
IS. As described above, prior to the write to Block 100, the information at Block 100 will be 
read and stored in the time store 46 for volume A. The same copy-on-write operation takes place 
for the other blocks. As a result, time store A 46 will include five records corresponding to data 
copied from current store A 44 prior to write requests directed to current store A 44. 

[0081] In one embodiment, storage management device 38 indexes each record stored in 
time store A 46 with both the location of the unit of storage (e.g., Block 100, Block 200, etc.), 
and also a timestamp associated with the time in which the copy-on-write was performed. Thus, 
a prior image of data store A at time prior to T-60 can be generated by presenting data from time 
store A 46 for Blocks 100-400 and data in current store A 44 for Block 500, because Block 500 
was not updated between prior time T-60 and present time T. Likewise, if a view of data store A 
(i.e., a prior image) at time T-35 is desired, three blocks can be provided by the current store A 
44, i.e., Block 100, Block 300, and Block 500, because they were unchanged after time T-35. 
Block 200 and Block 400 were modified since time T-35, and so those blocks can be provided by 
the time store 46 for volume A. 

[0082] Thus, as demonstrated in this simplified example, by saving in the time store 46 data 
that is on the volume before that data is overwritten, and also by indexing the data stored in the 
time store 46 by the time that it was overwritten, the system has available to it a complete current 
version in the current store 44, and also has an image of the data on the volume A at the time 
interval for which there is data in the time store 46. The storage management device 38 can 
present a "virtual" volume that reflects the original volume at a time in the past. Further, the 
storage management device 38 can provide a virtual volume from any time in the substantially 
continuous time interval, "Substantially" continuous because of the quantization limits defined 
by the minimum time increment. The virtual volume need not be generated before the request 
time. 

[0083] In one example implementation, if the example volume is referred to as volume A, 
another volume, volume B, can be provided that is based on the "prior image" of volume A, that 
is, the contents of volume A at an earlier time. This data from volume B can be copied from the 
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prior image of volume A onto a new volume, such that volume B then a complete copy of 
volume A at a prior time. Volume B can also remain "virtual" in the sense that volume B can 
exist merely in the form of the combination of the current store A 44 and the time store A 46, 
with the storage management device 38 providing the data from either the current store 44 or the 
time store 46 in response to accesses to volume B. 

[0084] Referring to FIG. 4, it is possible, for example, to provide both the current image of 
volume A, a prior image of volume A at one time (e.g., time T-3000) and a prior image of 
volume A at another time (e.g., time T-6100). Because these prior images are "virtual," the 
storage management device 38 can provide both virtual prior images 48, 50 simultaneously. 

[0085] The host 34 and the storage management device 38 can use one or more of a variety 
protocols to refer to prior images of a data store. For example, the host 34 can request in an out- 
of-band communication that the storage management device 38 make available a virtual data 
store that is a prior image of another volume. The host 34 can request in an in-band 
communication, for example using the existing protocol or an extension to the existing protocol 
that the storage management device 38 make a new volume available. A system administrator 
can also operate a console or control panel of the storage management device 38, or otherwise 
provide input to the storage management device 38 to direct the storage management device 38 
to make a volume available that is a virtual image of another volume. In some implementations, 
the new volume can be assigned a volume or device identifier (e.g., a SCSI ID, or a Fibre 
Channel world wide name). 

[0086] Thus, in one embodiment, the storage management device receives a request to create 
a virtual data store that reflects the state of an original data store at a specified time. The virtual 
data store, can be for example, a new logical unit. The specified time can be selected from a 
substantially continuous time interval between a past time and the current time. The size of the 
interval (and the value of the past time) is a function of the size of the time store and the amount 
of changes directed to the data store. The virtual data store, because it is virtual, it can be 
provided substantially instantaneously, with minimal or no data movement. 
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[0087] The storage management device receives a storage protocol request for data at a 
specified address in the virtual data store and transmits, in response to the storage protocol 
request, data stored in the original data store at the specified address at the specified time. 

[0088] The request to create a new virtual data store can take the form of some manipulation 
of a user interface. The user interface can be on one or more host systems, and communicate to 
the storage management device, and/or the user interface can be on a console for the storage 
management device. The request can be communicated via a variety of networking technologies 
and protocols, and/or via a storage protocol, for example, the same protocol over which the 
request for data is made. The request can even be part of the same storage protocol packet as the 
request for data. A request for data from a time in the past can even trigger automatically the 
provision of a virtual data store. 

[0089] The request for data can be a standard read request, for example via a storage protcol, 
such as a SCSI read request. The request can specify an address, which can include a logical unit 
identifier, and a location identifier. The address can include the identifier for the virtual data 
store. 

[0090] The original data store can itself be a virtual data store, as described here. There can 
be a chain of virtual data stores, each formed from a prior image of other data stores. 

[0091] As described, because it is virtual, the virtual data store can be provided substantially 
instantaneously, with minimal or no data movement. It is possible, however, if there will be 
sustained use of the virtual data store, to copy the data from the virtual data store, for example, in 
the background, to another data store, and thereby make a complete copy of the virtual data 
store. Once the copy is complete, the copy can be used instead of the virtual data store. In this 
way the prior image can be provided by the virtual data store substantially instantaneously, with 
the time-consuming copying of data from one data store to another being essentially transparent 
to users of the storage management device. 
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[0092] In another embodiment, the host 34 can communicate with the storage management 
device 38 using a protocol that allows the host 34 to access a unit of storage by referring to the 
an address an a time. Thus, the dimension of time is added to the access request. The time can 
be referred to in a number of ways. For example, the host 34 can refer to absolute time as it kept 
by it or by the storage management device 38, for example, 4:07.33 on a particular day. The 
time can also be referred to relatively, that is, it can be specified as a time relative to another 
time. In one embodiment, the time is referred to based on a number of time units to be 
subtracted from (thus, relative to) the current time. This approach eliminates the need for the 
host 34 and the storage management device 38 to have a precisely synchronized clocks. Time 
can be referred to using any applicable units and can be any applicable units, including without 
limitation nanoseconds, microseconds, milliseconds, seconds, etc. 

[0093] Thus, in one approach, the host 34 (or the system administrator) could first direct that 
a new virtual volume be created, volume B, that is a prior image of volume A, at time T-3000. 
The host 34 (or the system administrator) could then direct that a new virtual volume be created, 
volume C, that is a prior image of volume A, but at time T-6100. Thus the host can compare the 
actual data on volumes A, B, and C as necessary to determine what files or records, etc. on the 
volumes differ, for example, for forensic purposes, etc. 

[0094] In another approach (that can be used in addition to or instead) the host 34 could 
make a request of a volume with a request that includes a specification of time in addition to the 
address of the data. The storage management device 38 can respond to the request by providing 
the data at the specified address at the specified time. 

[0095] It should be noted also that in some implementations, current store A 44 can be a 
mirror disk of a disk 60 that is shown in phantom, or used in any other configuration as would 
one or more actual volumes. 

[0096] The time images can also be either fixed or dynamic. A fixed time image, also 
referred to as a clone is similar to a snapshot of data store A at a specific point in time. It is 
referred to as a fixed because it is not updated, i.e., once it is created no data is written to it. A 
fixed image generated by storage management device 38 can differ from a snapshot, however, 
because the image can be generated for the first time at a request time that is later than the 



-23- 



Atty. Docket No. RVI-003 



recovery time, i.e., the storage management device 38 re-creates an image that may not have 
previously existed at any time since the recovery time. In contrast, a snapshot is a duplicate that 
is generated at the then current time. 

[0097] A dynamic time image is created as an image of current store A at a specific point in 
time. However, unlike a fixed time image, once generated, a dynamic time image is continually 
updated in the same manner as current store A. As a result, the contents of a dynamic time 
image are the same as current store A 44 up until the recovery time. For example, if first prior 
image 48 is dynamic, it will match current store A up until T-3000. Thereafter, beginning at the 
present request time (T), updates to current store A are replicated on first prior image 48. The 
resulting dynamic time image functions as a current store B which includes the results of all I/O 
requests directed to current store A 44 except for those occurring between request time (T) and 
recovery time (T-30). Accordingly, current store B also has a time store, i.e., time store B, 
associated with it. 

[0098] Referring to FIG. 5, fixed and dynamic time images are shown. A fixed prior image 
is a view of a data store at a specific point in time. It is fixed in the sense that it is not updated - 
for example, it can be read only. In one embodiment, a time image is fixed by identifying it as a 
read only image at the time the image is created. A fixed image can be useful for looking at a 
data store at a particular time, for forensic purposes (i.e., to identify the cause of a problem), or 
to recover erased data. A dynamic image starts as a view of a first data store (e.g., data store A) 
at a particular point in time, but the prior image can be modified. The dynamic image can appear 
to the host as if it were a new data store onto which a prior image were copied. A dynamic 
image can be useful for quick recovery from a failure. 

[0099] For example, upon failure due to corruption of data in a first data store, fixed prior 
images can be specified (as described above) that each present the data in the first data store as it 
existed at a specified time in the past. These prior images can be inspected to determine the 
approximate time of the corruption. As the minimum time stamp increment is decreased, the 
approximate time can be determined with increased precision. In one embodiment, a prior image 
that presents data from just before the time of corruption is specified to be dynamic, the software 
applications that use the data in the data store begin to use the prior image instead, and business 
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activity resumes using the most recent uncorrupted version of the first data store. The 
applications can use the image, for example, by reconfiguring the business applications in some 
way, or by directing the storage management device 38 to present the dynamic prior image in the 
place of the first current data store, i.e., by using the prior image to create a second data store 
(e.g., data store B). In one embodiment, a dynamic image appears to the host as a new data store 
(e.g., a new device with a target identifier). 

[00100] In one embodiment, the storage management device 38 provides a dynamic image 
without copying (or without initially copying) the prior image to another data store. Rather, the 
storage management device, as described above, provides the prior image of the first data store 
by using the current store and the time store associated with the first data store, as appropriate. 
The storage management device also associates a second current store and second time store with 
the dynamic image (i.e., the second data store), such that the changes to the dynamic image are 
stored in the second current store, and the changed blocks are stored (e.g., in copy-on-write 
fashion) in the second time store. 

[00101] In one embodiment of such an implementation, the storage management device 38, 
upon receiving a request for current data in the dynamic image, will check first for data in the 
second current store, and then for data in the first time store, and lastly, for data in the current 
store. Upon a write request to the dynamic image, the storage management device 38 determines 
the location for the data currently in the dynamic image (i.e., the second current store, the 
original current store, or the original time store), stores the block that was "overwritten" in the 
second time store and then writes the new block to the second current store. A request for data 
from a prior image of the dynamic image can be provided using the second time store, the second 
current store, the first time store, and the first current store. 

[00102] In another embodiment, the dynamic images are stored entirely in the time store. In 
this embodiment, a data store has a single current store and a single time store. In a version of 
this embodiment, fixed images, dynamic images, indexing information, and control blocks are 
stored in the time store. Dynamic images can be created by writing data located in the data store 
at a specified recovery time to a section of the time store. In a further version of this 
embodiment, a copy-on-write operation is not performed when dynamic images are written to. 
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[00103] Because the storage management device 38 (at least initially) can provide the 
dynamic image as a "virtual" device, in the sense that the data in the dynamic image is a 
combination of the data in the first and second current data stores and the first and second time 
stores, the dynamic image can be provided very quickly, and without copying of data from one 
data store to another. Once a dynamic image is up and running, it can be useful to (as storage 
management device capacity allows) copy the contents of the first current store and/or the first 
time store to the second current store and second time store for the dynamic image. In other 
words, the "virtual" second data store can be used to create a new data store that can be used to 
independently replace the first data store. This can be accomplished in the background, or at a 
time when storage management device transaction activity is relatively low. In addition, the 
background copy operation can be initiated either manually or automatically. In one 
embodiment, either the host 34 or a system administrator can initiate the background copy 
operation and data store replacement operation. 

[00104] Referring to FIG. 5, as a simplified demonstrative example of this embodiment, 
suppose that a dynamic image is created of a first data store, referred to in this example as data 
store A 143. The prior image upon which the dynamic image is based is specified to be data 
store A 143 at (again, as an example) at a particular time (e.g., 1 1 :00 a.m.). The prior image of 
data store A 143 is provided using the current store A 144 and the time store A 146 associated 
with data store A 143. Upon indication by the host 34 or the system administrator that the prior 
image should be dynamic (and therefore allow modification), the second data store is assigned an 
identifier, which in this example is data store B, and a current store B 148 and a time store B 152 
are allocated to the dynamic image. 

[00105] The storage management device 38 responds to a read request to data store B at the 
current time by checking first the current store B 148, and if the requested block is not in the 
current store B, then the time store A 146 and current store A 144 can be used to obtain the block 
as it was at the time of the prior image that was the basis for the dynamic image. To use data 
from a prior image of data store A 143, an index of the data store A 143 is checked to determine 
whether current store A 144 or time store A 146 contains the desired block. 



-26- 



Atty. Docket No. RVI-003 

[00106] The storage management device 38 responds to a write request to data store B (for the 
current time) by locating the current content of the target block as just described for the read 
request (e.g., checking first the current store B 148, then the time store A 146, then the current 
store A 144), reading the target block, and then writing the data read to the time store B 152 to 
complete a copy-on-write operation. The data associated with the write request for the target 
block is written to current store B. 

[00107] A read request to data store B for a time in the past can be responded to by checking 
first the time store B 152. An index of the time store B 152, for example, can be checked to 
determine whether it contains the desired block. If not, then current store B 148 is checked, and 
if the block is not in the current store B, then the time store A 146 and current store A 144 are 
used to obtain the block as it was at the time of the prior image that was the basis for the 
dynamic image. That is, an index of the time store A 146 is checked to determine whether it 
contains the desired block for the desired time, and if not, the block in current store A 144 is 
used. It should be understood that the order in which the index of time store A 146 and current 
store A 144 are checked may be reversed. Alternatively, a composite index of time store A 146 
and current store A 144 may be employed. 

[00108] It should be noted that data store A 143 can continue to be an active data store and 
there can be continued transactions to data store A 143, but those later changes will not be 
reflected in data store B 147, because the storage management device 38 will continue, for 
accesses to data store B 147, accessing the data store A 143 at a specific past time (i.e., the prior 
image), and blocks later changed in the current store A 144 will be saved in the time store A 146, 
and so will not be lost. Practically, the size of the past time interval that can be captured by the 
time store will depend on the frequency of write operations directed to data store A 143 and the 
size of the time store A 146. Depending on the specific implementation, it therefore may be 
beneficial, at some time after beginning use of a dynamic image, to copy the prior image that is 
the basis for the dynamic image, such as the data store A at 1 1 :00 a.m. in the example above, to 
another data store, or to the time store B 152 and the current store B 148. As mentioned, this 
transfer can be accomplished in the background while the storage management device 38 is 
operating normally. 
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[00109] In one embodiment, the transfer of the prior image blocks to current store B 148 for a 
specified recovery time is accomplished by the following. A block is copied from current store 
A 144 if the block in current store A 144 has not been overwritten since the recovery time (i.e., if 
the block in current store A 144 is not different from the prior image that is the basis for data 
store B 147) and if the block is not already included in current store B 148 (i.e., if the block was 
not already "overwritten" in the dynamic image since the time the dynamic image was created). 
A block is copied from time store A 146 to current store B 148 if it represents the data appearing 
in the block of data store A 143 at the recovery time, and if the block is not already found in 
current store B 148 (i.e., the block was not already "overwritten" in the dynamic image). 
Optionally, blocks in the time store A 146 from a time before the prior image can also be copied 
from the time store A 146 to the time store B 152, so that the data store B 147 can respond to 
requests for data for a time before the prior image. 

[00110] Dynamic images (e.g., a third data store) can be created based on other existing 
dynamic images (e.g., data store B), such that the data in the third data store is provided from 
other current stores and time stores (e.g., from data store A and data store B). Such a dynamic 
image also can be generated without copying (or without initially copying) the prior image to 
another data store. 

[00111] For example, the storage management device 38, as described above, can provide the 
prior image of a dynamic data store (e.g., data store B) by using the original current store (e.g., 
current store A), original time store (e.g., time store A), second current store (e.g., current store 
B), and second time store (e.g., time store B), as described in the above example. If this new 
prior image is specified to be dynamic, the storage management device 38 can associate a third 
current store and third time store with the new dynamic image (e.g., third data store), such that 
the changes to the new dynamic image are stored in the third current store, and changed blocks 
of the third data store are stored (e.g., by copy-on- write operation) in the third time store. 

[00112] Using the above example, the system administrator, can, upon detection of data 
corruption in data store B 147, again use a number of prior images to identify the approximate 
(or even the exact) time of data corruption. The system administrator can then identify a prior 
image of data store B 147 that is of a time that is before the corruption. As an example, we say 
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this image was at 1 p.m. The system administrator can specify that the image of data store B at 
1 p.m. is a dynamic image, and this new dynamic image will be called data store C. Data store C 
153 is allocated a current store C 154 and a time store C 156. 

[00113] Upon receiving a request for current data in the data store C 1 53, the storage 
management device will check first for data in current store C 154, and then for data in current 
store B 148 and time store B 152 for the time at which the dynamic image was created. If the 
data block is not in current store B 148 or time store B 152 as appropriate, the storage 
management device 38 will obtain the data from time store A 146 or current store A 144. 

[00114] Upon a write request to data store C 153, the storage management device 38 
determines the location for the data currently in the dynamic image (i.e., current store C 154, 
current store B 148, time store B 152, current store A 144 and time store A 146), stores the block 
that was "overwritten" in time store C 156, and then writes the new block to current store C 154. 
A request for data from a prior image of the dynamic image can be provided using time store C 
156, and the current store C 154 in appropriate combination with current store B 148, time store 
B 152, current store A 144, and time store A 146. 

[00115] Referring to FIG. 6, in another example, presented as a timeline 190, the top most 
horizontal line represents data store A from a first time Tl to a later time T5, i.e., time line 192. 
A host 34 directs I/O requests to the data stores throughout the time period Tl to T5. Data store 
A is used first, and in this example, an application directs read and write transactions to data 
store A. 

[00116] At time T3, the system administrator recognizes that there has been corruption in the 
data store A 143, likely caused by a corruption event. The system administrator implements a 
review of prior images of data store A 143 to determine the time that the data corruption 
occurred, by identifying a recent time that the data was not corrupted. In other words, the 
corruption event likely occurred at the earliest time that corrupted data appears. The storage 
management device 38 can be employed to implement a search of arbitrary past versions of data 
store A 143 so that the time of the corrupting event can be determined. The degree of precision 
at which the corrupting event can be is at least in part determined by the minimum time stamp 
increment. 
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[00117] The validity of the data in data store A 143 is checked in a first search conducted to 
identify the time of the corrupting event. The first set of vertical lines appearing on time line 192 
between T3 and T4 provide a simplified example of points in time (i.e., T14, T15 and T16) that a 
search was conducted. They represent a search from time T4 when the fact that corruption is 
first recognized back to time to T3. A system administrator, for example, begins the search at 
time T4 and reviews the data at a first search time T16. The data at time T16 is corrupted, so the 
system administrator reviews data from an earlier point in time, i.e. time T15 and T14. The data 
at time T15 and T14 is corrupted, so the search continues with review of time Til. The data at 
time Tl 1 is not corrupted, and so the administrator checks time T12, time T13, and time T3. The 
search continues in this manner until the identification of the most recent time for which valid 
data exists, which in this example is time T3. 

[00118] The search may also be is conducted using a variety of search methodologies. For 
example, larger time increments between the first and second searches might be used in an effort 
to more rapidly determine the time of the corrupting event. Also, the search need not begin from 
the point in time that the corruption is discovered. For example, the search can begin at an 
earlier point in time if the system administrator has an idea of the approximate time of the 
corrupting event. The search may also begin at a time that is earlier than the corrupting event, 
e.g., Tl, T2, etc. For a search with a first search time at time T2, for example, the search would 
proceed to later points in time until the first time where corrupted data is found. It should be 
understood that any search strategy can be employed because the storage management device 38 
is capable of providing any version of the data store A 143 that is within the interval covered by 
the time store A 146, to the precision of the minimum time stamp increment. In one 
implementation, the time precision is one millisecond. 

[00119] In this example, time T3 is specified as the recovery time because it was a desired 
point in time identified because the corruption did not exist. Of course, the user could have 
selected an even earlier point in time, prior to T3, as the recovery time. A second data store, data 
store B 147, is established using the data from data store A at time T3. Recall that at time T4, 
the user identified time T3 as the most recent point in time for which valid data exists for data 
store A 143. At time T4 (i.e., the request time), the user creates data store B 147 as a prior image 
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of the first data store, data store A 143, at time T3 (i.e., the recovery time). In FIG. 6, timeline 
194 is associated with data store B 147. 

[00120] Data store B 147 is a dynamic image; therefore, a second current store (current store 
B) 148 and a second time store (time store B) 152 are associated with data store B 147. Once 
current store B 148 is created, the storage management device 38 can make data store B 147 
available to the host 34, and the application can use data store B 147 in place of data store A 143. 
Thereafter, host 34 I/O requests can be directed to data store B 147 instead of data store A 143. 
In this example, I/O requests continue to be directed to data store A 143 and data store B 147 
between time T4 and time T5. In another embodiment, data store B 147 is a dynamic image 
comprised of a second current store that is not associated with a second time store. In a version 
of this embodiment, current store B 148 is implemented in a write pool whereby a write 
command directed to data store B 147 results in the newly written data replacing existing data in 
current store B 148, i.e., a record of the old data in the current store B 148 is not retained. 

[00121] As described previously, data store B 147 can be created without copying the contents 
of data store A 143. Data store B 147 therefore can be created virtually immediately, and it can 
be brought on-line quickly. The data initially associated with data store B 147 resides in current 
store A 144 and time store A 146. 

[00122] Upon receiving a read request for data store B 147 at the current time, the storage 
management device 38 determines which of current store A 144 and time store A 146 has the 
data for the block that is being read. Data in current store A 144 will be used for all data that has 
not been written to since time T3 and data in time store A 146 will be used for all blocks in 
current store A 144 that were overwritten after time T3. Once some data has be written to 
current store B 148, a response to a read command directed to data store B 147 at the current 
time might come from current store B 147, current store A 144, or time store A 146. Upon 
receiving a read request, storage management device 38, determines which of current store B 
148, current store A 144, and time store A 146, has the data for the block that is being read. The 
storage management device 38 will use data in current store B 148 for all requests for blocks in 
data store B 147 that were written after time T4, i.e., timeline segments (e), (f), and (g). Data in 
current store A 144 will be used for all blocks of data that have not been written to since time T3 
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(timeline segments (a) and (b)), and data in time store A 146 will be used for all blocks of data 
on data store A 143 that have been written to between times T3 and T4 (timeline segment (c)). 

[00123] Data store A 143 can continue in a dynamic state after time T4, however, changes 
that occur to data store A 143 after T4 will affect only the location of the data used to respond to 
requests for blocks in data store B 147. Such changes will not affect the actual contents of data 
store B 147. The source of data for block 100 of data store B 147 is a corresponding block in 
current store A 144 if, for example, the corresponding block 100 of data store A 143 has not been 
overwritten since time T3. However, the source of data for block 100 of data store B 147 is a 
corresponding block in time store A 146 if the corresponding block 100 was overwritten in 
current store A 144 since time T3, e.g., a copy-on- write command was executed on the 
corresponding block in data store A 143. Of course, the immediately preceding description 
assumes that block 100 has not yet been the target of a write command since the creation of data 
store B 147. Additionally, where data store A 143 is dynamic, data written to data store A 143 
following time T4 is processed with copy-on- write operations such that time store A 146 
continues to be employed after time T4 to save newly-overwritten data. 

[00124] When a write request is directed to data store B 147, the storage management device 
38 determines where the data currently in data store B 147 is located (i.e., current store B 148, 
current store A 144, or time store A 146). The location of the data will be the following: 

[00125] 1) in current store B 148 if the block in current store B 148 has been overwritten since 
time T4; 

[00126] 2) in current store A 144 if the block in current store A 144 has not had data written 
to it since time T4; and 

[00127] 3) in time store A 146 if the block was overwritten anytime after time T3. 
[00128] It then follows that: 

[00129] 1) If the data is located in current store B 148, the existing data will be read from 
current store B 148 and written to time store B 152. (e.g., copy-on-write). The new data will be 
written to current store B 148. In one embodiment, updates to current store B 148 are 
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accomplished without using a copy-on-write operation or a time store B 152. In a version of this 
embodiment, old data is not saved when write commands are directed to current store B 148. 

[00130] 2) If the data is located in current store A 144, the existing data from current store A 
144 will be copied and written to time store B 152 without overwriting the existing data in 
current store A 144. The new data will be written to current store B 148. 

[00131] 3) If the data is located in time store A 146, the existing data from time store A 146 
will be copied and written to time store B 152 without overwriting the existing data in time store 
A 146. The new data will be written to current store B 148. 

[00132] Upon a read request for data store B 147 for the current time, the storage management 
device 38 determines the location for the data currently in the dynamic image by checking for 
data in current store B 148, current store A 144 and time store A 146. The storage management 
device 38 will use data in current store B 148 for all blocks of data store B 147 that are written to 
after time T4, i.e., timeline segments (e), (f), and (g). Data in current store A 144 will be used 
for all blocks of data that have not been written to since time T3 (i.e., timeline segments (a) and 
(b)), and data in time store A 146 will be used for all blocks of data on data store A 143 that have 
been written to (in data store A 143) between times T3 and T4 (timeline segment (c)). 

[00133] Any number of additional data stores may also be generated based upon a current or 
prior image of data store A 143. For example, an image of data store A 143 at time T2 can be 
created at any time beginning with time T2, e.g., a data store D can be created at time T3. 
Creation of additional data stores can be performed sequentially with, in parallel with, or 
independently of the creation of the other data stores that are based on data store A 143. In each 
case, the contents of the additional data stores appear to be independent of the contents of the 
other data stores, i.e., at the creation of a data store its contents depend upon the contents of data 
store A 143. Thereafter, read and write commands directed to the additional data stores are 
responded to with data from current store A 144, time store A 146, and/or the additional data 
store that the command is directed to. 
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[00134] In one embodiment, the storage management device 38 implements an instant restore 
that allows a user (e.g., a host or system administrator) to generate a prior image of a data store 
substantially instantaneously. For example, as is described in greater detail herein, the 
architecture of the storage management device 38 provides detailed indexing of the write 
commands that are directed to each data store so that the appropriate data for each block of the 
data store at any time can be rapidly identified and accessed. 

[00135] The instant restore can be performed in more than one manner. For example, an 
instant restore occurring at time T4 can be a non-destructive restore of data store A 143 for a 
desired recovery time of time T3. In one embodiment, the non-destructive restore is 
implemented by copying back into current store A 144 the results of write operations performed 
between times T3 and T4. In a version of this embodiment, a copy-on-write operation is 
performed on each block of data store A 143 that was written to from time T3 to time T4. At the 
recovery time, data that was current at time T3 for that block is written to each of the 
corresponding blocks of data store A 143. The data in the current store that is overwritten is 
copied to time store A 146. As described herein, the relevant details regarding the data written 
with a copy-on-write operation are indexed by the storage management device 38. As a result, it 
is possible to later recover and review the operations that were performed on data store A 143 
between T3 and T4. 

[00136] Because non-destructive instant restore operations increase the amount of data that 
must be stored in the time store, the storage management device 38 can also implement a 
compact recovery. In a compact recovery, some selected data is not retained following the 
recovery. In a version of this embodiment, a write operation, not a copy-on-write operation, is 
performed on the blocks of data store A 143 that were updated between T3 and T4. As a result, 
at the recovery time, data that was current at time T3 is written to each of the corresponding 
blocks of data store A 143 that were updated between T3 and T4. In another version of this 
embodiment, a copy-on-write operation is performed, but the data retained for the period 
between T3 and T4 is placed at the front of the queue of data that will be overwritten should the 
time store reach its storage capacity. For example, the data from the period T3 and T4 can be 
associated with the earliest portion of the time line so that it will be the first to be replaced when 
the specified storage capacity for the data store is reached. 
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[00137] FIG. 6 also depicts the creation of a third data store (i.e., data store C) generated from 
the contents of data store B 147, i.e., data store C 153 is generated from a previously created 
dynamic image. Here the request time is T5 and the recovery time is T7. Once again, the 
recovery time can be a time before corruption occurred. The operation that creates data store C 
153 from data store B 147 is referred to as "stacking" because it creates a series of virtual data 
stores where each data store is based upon a prior image of another data store (or data stores). 

[00138] In this example, data store C 153 is based upon a prior image of data store B 147 and 
data store B 147 is based upon a prior image of data store A 143. As a result, data store C 1 53 
can initially be provided from data stored in any of current store B 148, time store B 152, current 
store A 144 and time store A 146. The storage management device 38 can present an image of 
data store C 153 to the host 34 based upon the following resources: 1) current store B 148 will be 
used for data from blocks that were overwritten between times T4 and T7 (timeline segments (e) 
and (f)); 2) time store B 152 will be used for data from blocks that have been overwritten since 
time T6 (timeline segment (g)); 3) current store A 144 will be used for data from blocks that 
have not been overwritten since time T3 (time line segments (a) and (b)); and 4) time store A 146 
will be used for data from blocks that have been overwritten between times Tl and T3 (timeline 
segments (c)). 

[00139] Current store C 154 and time store C 156 are allocated as described above. Read and 
write requests directed to data store C 153 are processed by storage management device 38 in a 
similar manner to the process described for data store B 147. One difference, however, is that, in 
order to locate the contents of data store C 1 53, the quantity of data stores that must be searched 
has increased to include current store A 144, time store A 146, current store B 148, and time 
store B 152. The process of creating a dynamic image from prior data store images can be 
extended as required by the application within the storage capacity of the system. For example, a 
dynamic image can be created from a prior image of data store C 153 to create a fourth data 
store, e.g., data store D. Additionally, the preceding approach can be employed to create a static 
image from a prior image of any data store, e.g., creation of a clone of data store A 143 at time 
T3, etc. 
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[00140] FIGS. 7A and 7B provide another illustrative example of the operation of a current 
store and a time store for a given data store. FIG. 7A shows the contents of the current store, and 
FIG. 7B shows the contents of the time store associated with the current store of FIG. 7A. A 
timeline is drawn at the top of each figure to indicate an initial time tO, a first write time tl, a 
second write time t2, a third write time t3 and a final time t4. The numbers 0-5 appearing to the 
left side of FIGS. 7 A and 7B identify six blocks of the data store. As mentioned, the data store 
can consist of any number of blocks or other units of storage. Additionally, the data store can be 
implemented as any type of resource for storing digital data including a virtual disk, a logical 
disk, a physical disk, and the like. 

[00141] The data that is stored at each point in time is enclosed in a solid box. Each of blocks 
0-6 of the current store have a corresponding block in the time store. At the time a write request 
is directed to a block, the data that is written is enclosed in a dashed block appearing adjacent the 
corresponding block of the current store in FIG. A. This represents data that is pending its 
transfer to the current store at the completion of the copy-on-write command. 

[00142] In operation, at for example time tO, data a, b, c, and d are present in each of current 
store blocks 0-3 respectively. Blocks 4 and 5 do not contain any data at this time. Additionally, 
the time store does not contain any data because write requests for blocks 0-5 have not yet been 
directed to the current store. At time tl, data X, Y, and Z are written to blocks 2-4 respectively. 
A copy-on-write operation is performed on each of blocks 2-4 and the old data appearing in 
those blocks is read from the current store and written to the time store, i.e., data c, d, and an 
empty block are written to blocks 2-4 of the time store respectively. As shown in the current 
store at time t2, the newly written data appears in blocks 2-4 following completion of the write 
operation at time tl . However, a second write operation is performed at time t2 when data 7, 9, 
and 8 are written to blocks 0, 3, and 5 respectively. Again, a copy-on-write is performed and, as 
a result, old data a, Y, and an empty block are written to blocks 0, 3, and 5 respectively. At time 
t3, a third write operation is performed and data Q is written to block 5. The original data 8 that 
was previously written to block 5 at time t2 is read and written to block 5 of the corresponding 
time store. The new data Q is written to block 5 at time t3 and, as a result, the data Q appears in 
block five of the current store at time t4. Provided that a write operation is not performed at time 
t4, the time store will remain empty at time t4. 
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[00143] The time store of FIG. 8 is based upon the sequence of copy-on- write operations 
performed to the data store as shown in FIGS. 7 A and 7B. FIG. 8 demonstrates how, at request 
time of t4, a prior image of the current store can be generated for recovery of an image 
representative of the data store at recovery time tl . Because no write operations were performed 
on blocks 0, 1, and 5, at either time tO or time tl, blocks 0, 1, and 5 of the prior image are 
comprised of data from the current store. Data from the time store is used for the prior image of 
blocks 3, 4, and 5 at time tl because data was written to blocks 3, 4, and 5 at time tl . Thus, the 
prior image of the data store for time tl does not reflect the result of changes to the current store 
occurring after time tl . 

[00144] Referring now to FIG. 9, in one embodiment, a storage management device 238 
includes one or more processor modules 278, 278', 278", generally 278. There can be any 
number of processor modules 278, although three are shown for demonstrative purposes in the 
figure. 

[00145] Each processor module 178 includes a CPU 290 that is in communication with each 
of a target interface 292, a ROM 294, a memory 296, and an initiator interface 298. The CPU 
290 can be implemented in one or more integrated circuits, and can include other "glue" logic 
(not shown) for interface with other integrated circuits, such as bus interfaces, clocks, and 
communications interfaces. The CPU 290 implements software that is provided in the ROM 294 
and also software in memory 296, which software can be accessed, for example, over the internal 
network interface 284 or in the physical store 36. 

[00146] The CPU 290 is also in communication with an internal network interface 284 that 
connects the processor module 278 to an internal network 286, which network allows the 
processor modules 278 to one another. The internal network 286 can be implemented as one or 
more actual networks, and can be any sort of network with sufficient capacity to allow 
communication of both control information and data. The internal network 286 can include a 
shared serial or parallel bus, or some combination. The internal network can be or include any 
type of physical network that implements remote direct memory modeled interfaces such as 
InfiniBand, Ethernet, Fibre Channel, SCSI, and the like. In one embodiment, the interface is a 
Direct Access Provider Library ("DAPL"). 
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[00147] In one embodiment, the processor modules 278 plug into a backplane that implements 
the connections for the internal network 286. In one implementation, one or more sets of 
processor modules 278 are rack mounted within the storage management device 238 and the 
internal network 286 also connects each rack to the other racks within the storage management 
device 238. The distributed processing implemented in the storage management device 238 
creates a system whose size (e.g., memory capacity, processing speed, etc.) can easily be scaled 
up or down to fit the desired capacity. 

[00148] The target interface 292 provides an interface that allows the processor module 278 to 
present itself as one or more target data store devices. For example, if the target interface 292 is 
a Fibre Channel interface, the target interface 292 allows the processor module 278 to present 
one or more Fibre Channel devices to the host (not shown). The target interface 292 can 
implement any suitable networking communication or data storage protocol. The target interface 
292 can be implemented with one or more integrated circuits that preferably have direct memory 
access to portions of the memory 296 for storage of data received and data to be transmitted. 
The target interface 292 typically will require initialization and programming by the CPU 290. 

[00149] The initiator interface 298 provides an interface that allows the processor module 278 
to present itself as one or more hosts for communication with physical data storage. For 
example, if the initiator interface 298 is a Fibre Channel interface, the initiator interface 298 
allows the processor module 278 to communicate with one or more physical storage devices over 
a Fibre Channel interface. The initiator interface 298 can implement any suitable networking 
communication or data storage protocol. The initiator interface 298 can be implemented with 
one or more integrated circuits that preferably have direct memory access to portions of the 
memory 296 for storage of data received and data to be transmitted. 

[00150] The processor modules 278 can be implemented in a fault tolerant configuration 
wherein two processor modules 278 are each responsible for responding to I/O requests directed 
to the same units of storage. In a version of this embodiment, fault tolerance can be further 
improved by sharing responsibility for I/O requests for units of storage comprising a single 
physical or logical device (or volume) to multiple pairs of processor modules 278. For example, 
first and second processor modules 278 can be given responsibility for blocks 100 and 200 of 
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current store A and third and fourth processor modules 278 can be given responsibility for blocks 
300- 500 of current store A. Fault tolerance can be further improved by locating processor 
modules 278 that perform the same tasks in separate racks. 

[00151] Referring now to FIG. 10, in a functional depiction of the system elements, again, 
three processor modules 378, 378', 378", generally 378, are shown in a storage management 
device 338. The number of modules 378 is (again) merely illustrative, and the quantity of 
processor modules 378 can be increased or decreased for such considerations as scalability, 
performance, and cost. The functional elements shown on each processor module 378 can be 
implemented with hardware and or software; in general, both are used to implement each of 
these elements. 

[00152] Each processor module 378 includes a host interface 361 for communicating with a 
host. The host interface 361 includes a target mode driver 382, which includes the target 
interface 292 (FIG. 9) and software for communicating with the target interface 292. 
Functionally, the target mode driver 382 communicates with the host 34. As a result, the target 
mode driver 382 receives and responds to incoming I/O requests from host 34. In response to 
read requests, for example, the target mode driver 382 can communicate to the host 34 the 
requested data. In response to write requests, the target mode driver 1 82 separates each request 
into the associated control information and data payload. In one embodiment, the I/O requests 
are separated into the data payload and a control packet by the host interface 361 . The data 
payload will ultimately be communicated over the internal network to the appropriate physical 
store interface, as directed by an I/O manager 362. Preferably, the data payload is communicated 
by hardware direct memory access, without need for software processing. In one embodiment, 
the control information and the data payload are transmitted via the internal network 180 to other 
components in the processor module 378 and/or to other processor modules 378. 

[00153] The host interface 361 also includes a data classifier 384. The data classifier 384 
receives the I/O requests from the target mode driver 382, and identifies the appropriate 
processor module 378 to respond, and forwards this information to the I/O Manager 362. 
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[00154] The data classifier 384 classifies the control information by comparing the incoming 
I/O requests with the subscription requests generated by the I/O managers 362. In one 
embodiment, the data classifier 384 determines a process group, storage device identifier (e.g., a 
logical unit), a unit of storage identifier, and a length for each I/O request. This information, 
along with the I/O request type, e.g., read or write, is passed to the I/O manager 362 along with a 
time-stamp. In order to allow for processing a large volume of I/O requests, buffers 363 
temporarily store these information packets from the data classifier 384 as they are transmitted to 
the respective I/O manager 362. 

[00155] Once the I/O manager 362 receives the control information, it orders and manages the 
I/O requests and forwards the appropriate instructions to the physical store interface 364. The 
I/O manager 362 processes control information, and monitors and indexes the flow of 
information within the storage management device 338. For example, the I/O manager also 
monitors and indexes the flow of information to and from the other processing modules, and the 
host interface 361 and the physical store 364. The I/O manager 362 also manages the I/O and 
insures that modified units of storage are saved and accessible for future reference in the creation 
of prior images. In addition, the I/O manager 362 tracks the performance (e.g., response time) of 
the storage management device 338 in responding to I/O requests from the host 34. 

[00156] The I/O manager 362 also implements various optimization routines in order to 
provide the host with an efficient response time to I/O requests. For example, because the 
storage management device can be employed in very large storage systems 30, including storage 
systems with terabytes of storage capacity, optimization of the copy-on- write command may be 
desirable. A copy-on- write command can require at least two sequential operations prior to 
writing the new data to a target storage address: (a) reading existing data from the target storage 
address and (b) writing the existing data to a new storage address. In one embodiment, the 
storage management device implements, either alone or in combination, certain optimizations. 
These optimizations generally fall into one of five categories: (i) aggregation; (ii) spanning; (iii) 
redundant write; (iv) reordering; and (iv) live storage. Each of these optimizations allows for 
more efficient processing, particularly of the copy-on-write operations. 
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[00157] 1. Aggregation. The first optimization is aggregation. The storage management 
device 338 aggregates separate copy-on- write commands for sequential units of storage (e.g., 
units of storage in adjacent blocks) and performs the operations in a single copy-on- write 
command. This can be useful because the extra overhead associated with the multiple physical 
disk reads and writes of each block is eliminated when adjacent blocks are operated on as a 
group. 

[00158] 2. Spanning. The aggregation optimization can be extended further by combining 
separate copy-on-write commands directed to units of storage that are non-sequential but in close 
proximity to one another into a single copy-on-write command that spans, in addition to all the 
targeted units of storage, all the units of storage that are located in the span. For example, where 
five units of storage 100, 200, 300, 400, and 500 are located sequentially to one another in the 
order shown, copy-on-write commands directed to blocks 100, 300 and 500 can instead result in 
a single copy-on-write command directed to blocks 100-500 inclusive. Although extra data is 
read and operated on, a spanned block that included extra data can still be significantly faster 
than 3 separate disk operations. 

[00159] 3. Redundant Write. A redundant write optimization can be implemented by 
identifying a first unit of storage that is likely to be the target of a host write request. Data 
written to a first block is also written to a second block. An index tracks the address of each unit 
of storage. Instead of implementing copy-on-write, then, the next write command to that block 
results in one of the two blocks being overwritten. The unaffected block can then serve as the 
historical copy of that block. 

[00160] 4. Reordering. With the reordering optimization, incoming I/O requests are 
reordered so as to maximize the benefits of one or more of the other optimization protocols such 
as the aggregation protocol, the spanning protocol, the redundant write protocol, and the like. 

[00161] 5. Live Storage. In some instances, significant efficiencies can be gained by storing 
data in memory rather than in physical storage. For example, if certain blocks have a high 
volume of I/O requests (e.g., they are updated frequently), many read/write operations can be 
saved by keeping the data in memory. In one embodiment, the memory is memory 296 (FIG. 9) 
located in the processor module 378. 
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[00162] Buffer 363 stores data payloads and control information that is being processed 
within the storage management device 338. Data received by the target mode driver 382, for 
example, is stored in the buffer 363 until it is communicated to a physical store 36 by the 
physical store interface 364 or to another processor module 378 via the internal network 380. 
The buffer 363 includes the memory 296 (FIG. 9) which is allocated in such a way as to allow 
the various devices to communicate data without software processing of the data. 

[00163] The physical store interface 364 communicates with the physical store 36 and the I/O 
manager 362 and the host interface 361 . In response to read requests for example, the physical 
store interface 364 retrieves data stored on the physical store 38, which data is ultimately 
provided to the host interface 361 for communication to the host 34. For write requests, the 
physical store interface 364 forwards the data pay load to target units of storage of the physical 
store 36. 

[00164] Referring now to FIG. 11, each processor module 378 (FIG. 10) is responsible for I/O 
requests made with reference to specific portions of a data store. Each I/O manager 362 is 
responsible for managing and fulfilling I/O requests for the portions of the data store to which its 
processing module is assigned. In one embodiment, each I/O managers 362 is assigned a 
contiguous set of blocks of the data store, for example, blocks 100-500 of data store A. Each 
processor module 378 can employ multiple I/O managers 362. Assignment of the I/O manager 
362 to the portions of the data store to which it is responsible takes place by way of a 
subscription protocol. 

[00165] Each I/O manager 362 can be responsible for multiple current stores and multiple 
time stores, which are managed by the current store controller 472 and the functional storage 
module 474. In one embodiment, the storage management device 338 maintains a database that 
associates each I/O manager 362 with the contiguous set of blocks that are assigned to the 
respective I/O manager 362. The data classifiers 384 associated with an I/O manager 362 
employ the database to ensure that each I/O manager only performs tasks associated with the 
blocks assigned to it. In one embodiment, this approach allows a subset of the total number of 
I/O managers 362 in the storage management device 338 to service a single time store while 
other I/O manager 362 subsets can service additional time stores. This approach is also scalable 
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because increasing the quantity of I/O managers 362 will increase the quantity of time stores that 
the storage management device 338 can efficiently service. Also, the approach can be used with 
a single physical store 36 that comprises multiple time stores and multiple current stores. 
Because this approach uniquely identifies each data store, only a limited amount of additional 
information is required to associate each I/O manager 362 with specific unit(s) of storage. In one 
embodiment, the data store block number, the time store block number, and the time stamp are 
the only additional information that is required. 

[00166] In one embodiment, the I/O manager maintains a series of control information tables 
that each correspond to a specific window of time. For example, all I/O processed by an I/O 
manager 362 between 9:00 and 9:05 can be stored in a single table, while I/O that occurred 
between 9:05 and 9:10 is stored in another table. In a version of this embodiment, the tables are 
a fixed size. A fixed table size allows the processing time of each query to a table to be readily 
determined because all the tables are full except the table that is currently in use. Thus, the 
processing time is identical for all tables, but the current table. Although the table size is fixed, 
the time period covered by each table is variable as a result of the variable frequency of write 
commands and the variable size of the target units of storage associated with each command. 
For example, a table that is limited to 600,000 entries will fill in 9,000 units of time if, on 
average, the associated I/O manager 362 processes 200,000 write commands every 3000 units of 
time. However, the same size table will fill in 3000 units of time if the associated I/O manager 
362 receives 200,000 write commands every 1000 units of time. In a version of this 
embodiment, the table comprises a data store block number, a time store block number, and a 
timestamp that indicates when the associated copy-on-write operation was performed. 

[00167] When a table is filled, the I/O manager 362 does three things: 

[00168] 1) The I/O manager 362 creates a new table for new incoming write operations. 

[00169] 2) The I/O manager 362 creates an entry in a separate table (e.g., a master table) that 
describes and indexes these control information tables. The master table contains the table name 
and the time range that the table covers, i.e., from the creation time of the table to the time that 
the last entry was recorded in the table. In one embodiment, the master table is local to the I/O 
manager 362 with which it is associated. 
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[00170] 3) The I/O manager 362 creates a bitmap representing all of the I/O in a given table. 
This bitmap has a bit for a given block range. The bitmap can be tuned to adjust the block 
ranges represented by each bit; therefore, in one embodiment, bit 0 represents blocks 0-15, bit 2 
represents block 16-32, etc. The amount of data each bit represents is referred to as the region 
size. 

[00171] The region size is also tunable. Thus, the chance for a false positive on a bit is 
reduced the closer the region size is to either the average I/O request size or the minimum I/O 
request size. In one embodiment, the minimum I/O request size is 1 sector or 512 bytes. In 
operation, if the region size is 128 kilobytes, the first bit would be set if the user wrote data to 
blocks 2-10. However, if the bitmap was later used to determine whether block 85 is referenced 
in the underlying data, the bitmap would provide a false positive indication. 

[00172] As the region size is reduced the quantity of false positives is reduced, and may in 
fact be reduced to zero. More memory and disk space are required, however, to store the bit map 
when the region size is reduced. Conversely, as the region size is increased, there is an increase 
in the quantity of false positives that occur, however, the memory requirements of the bit map 
are reduced. In one embodiment, each I/O manager selects a region size that dynamically 
balances the rate of false positives and the size of the bitmap. 

[00173] In one embodiment, the impact of the operations required by the I/O manager to close 
or "seal" a table when it reaches capacity and to move to a new table are minimized because the 
table transfer is performed asynchronously relative to the continuing I/O stream. 

[00174] When a specific recovery time is requested for the generation of a time based data 
store (for example data store B), three general levels of operations must be performed by the I/O 
manager 362. 

[00175] 1) The I/O manager 362 first identifies the tables that are involved. If the user 
requests a recovery time of T-500, the I/O manager 362 scans the master table for the control 
information tables that include I/O operations that occurred between T-500 and the request time. 
The I/O manager then retrieves the bitmaps for each of the control information tables that 
include the qualifying I/O operations. 
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[00176] 2) The I/O manager 362 then creates a master bitmap by OR f ing together all of the 
bitmaps that were retrieved and saves the individual bitmaps and the master bitmap. Once the 
OR operation is complete, the master bitmap can be used to evaluate a substantial percentage of 
potential read requests to determine whether the requested blocks were involved in prior write 
operation (i.e., between T-500 and the request time). If a block was not involved in a write 
operation at that time, data from the current store will be used for the block. Retrieval and 
presentation of data from the current store is a substantially real time operation. If the region bit 
is set in the master bitmap, the I/O manager 362 begins scanning the individual bitmaps from the 
oldest to the newest to determine which bit is set for the region and then scans the bitmap's 
underlying table for the location of the I/O operation in the time store. These operations are 
slower than the retrieval of data from the current store, but they continue to proceed through the 
system. 

[00177] 3) The I/O manager 362 begin creating region maps whereby copies of the blocks 
described in each individual control information table are stored in memory. When this 
operation is complete, the time delay for a read request that must go to the time store for data is 
reduced because the request is redirected to the memory and rarely (if ever) requires any extra 
table scanning. 

[00178] The response time of the storage management device 38 is reduced by the preceding 
approach because the I/O manager 362 begins servicing requests when the first step is complete. 
In most applications, the current store will provide the majority of the data required for the 
generation of a time store because, most often, the time store will be generated at a relatively 
recent point in time, for example, 1 minute, 1 hour, 1 day. The amount of data typically changed 
in those time segments is small when compared to the entire data store. Each master table can 
contain 500,000 to 5,000,000 records, yet each table can be searched in a fixed time. Thus, a 
master table of only a few thousand entries can be used in an application that supports a physical 
store 36 of 2 terabytes. 

[00179] Referring to FIG. 1 1, the current store controller 472 processes requests directed to 
the device/unit of storage combinations to which the current store controller 472 is subscribed. 
Each current store controller 472 receives the resulting control information transmitted from a 
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host interface 361 (FIG. 10) to the I/O manager 462 over a control plane 568 (FIG. 12). The 
current store controller 472 creates work orders based on this control information to insure that 
the data associated with the control request is written to a logical unit and that the old data that 
presently appears at the target location is copied and saved elsewhere by the storage management 
device 538. 

[00180] Similarly, the time store controller 476 processes requests directed to the device/unit 
of storage combinations to which the time store controller 476 is subscribed. Each subscription 
is registered with the data classifier 384 of the processor modules 378. 

[00181] The I/O manager 362 also includes an I/O router 470. The I/O router 470 is the 
software module responsible for moving the data, as directed by the current store controller 372 
and the time store controller 376. 

[00182] Although one of each of the I/O router 470, a current store controller 472, functional 
storage 474, and a time store controller 476 is shown, the I/O manager 362 can include one or 
more of each of these. Moreover, these elements can communicate in other configurations than 
the configuration shown in FIG. 1 1 . For example, in one embodiment, the I/O manager 462 
includes a plurality of time store controllers 476. 

[00183] Referring now to FIG. 12, in another embodiment and a more abstract representation, 
the storage management device 538 includes the data plane 566 and a control plane 568 used for 
communication of the multiple modules between each other. The storage management device 
538 includes multiple host interfaces 561, I/O managers 562 and physical store interfaces 564. 
Although these components are, as shown in earlier figures, each located on a particular 
processor module, they can be viewed together as collections of these components working 
together to share the load, both for efficiency and fault tolerance. 

[00184] The host interfaces 561 and physical store interfaces 564 communicate data to each 
other on a data plane 566, which as described above is implemented with direct memory access 
and the internal network 380 (FIG. 10). Control information (e.g., control packets, meta-data 
packets) is communicated on the control plane 568 between the host interfaces 561 and the I/O 
managers 562, and between the I/O managers 562 and the physical store interfaces 564. The 
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control plane 568 is implemented with inter-processor communication mechanisms, and use of 
the internal network 380 (FIG. 10). The data payload is communicated between the host 
interface 561 and the physical store interface 564 over the data plane 566. 

[00185] The optimization operations described above are accomplished, in part, because of a 
queue system employed by the storage management device 338. The queue system organizes the 
control information (e.g., control packets, meta data packets) that are processed by the I/O 
managers 362. The control information is first subject to an incoming queue in which the I/O 
manager 362 queues the control information in the order that it is received. 

[00186] In one embodiment, control packets are joined, reordered, and/or strategically delayed 
in order to process the packets more efficiently. Referring again to FIG. 10, the I/O manager 362 
identifies and tracks idempotent groups of control packets, that is, groups of control packets that 
are independent of one another. Generally, the idempotent groups are the groups that can be 
processed more efficiently than other packet groups, e.g., idempotent groups are processed more 
quickly. If for example, at time TO a first control packet directed to blocks 0-15 arrives, and at 
time T5, a second control packet directed to blocks 8-31 arrives, the I/O manager 362 includes 
all the operations from TO to T4 in one idempotent group, and begins another group at time T5 
(provided that no other control packets overlap between TO and T5). In this example, the 
processing, grouping, and execution order are selected to prevent the T5 operation from 
occurring prior to the TO operation. If for example, the T5 operation were performed first, the 
TO operation would include part of T5's payload in its before image (i.e., blocks 8-15). Further, 
the T5 operation would be missing the data from the TO operation in it's before image although 
the data existed at time Tl. 

[00187] The storage management device 338 creates many opportunities for generating 
customized control packet groups that improve processing efficiency because, for example, 
operations can be split into "worker groups", where each worker group can operate in a threaded, 
independent by simultaneous fashion. A determination that certain blocks are not idempotent as 
described above, forces the I/O manager 362 to ensure that all the blocks referencing 0-32 occur 
in the same worker group as the TO and T5 operations, but operations involving other very large 
groups of blocks can still reordered. Therefore, the I/O managers 362 are constantly identifying, 
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analyzing, and managing idempotent relationships on multiple queues using advanced queuing 
theory. 

[00188] The system allows the user to create a new dynamic or static data store B, which is a 
representation of the main data store A but at a previous point in time, for example, T-500. The 
target mode driver 382 creates target device representations on the first communication link 40, 
which allows the host 34 to issue commands to the new data store B. The I/O manager 362 uses 
functional storage 474 to create a map of all blocks which can not be satisfied for the data store 
B via current store A, i.e., the blocks have been overwritten in current store A since the recovery 
time T-500. The map continues to be updated as a result of the continuing stream of I/O which is 
directed to the main data store A. For example, each time the user modifies a block of data store 
A, the targeted block in current store A no longer contains the same data as it did before time T- 
500. The map incorporates the location where the newly targeted block gets copied to in time 
store A. As a result, I/O requests directed to data store B locate the correct block contents. 
Additionally, this entire process must be synchronized to ensure that updates to the current store 
A, time store A are accurately reflected in data store B's map in order to prevent I/O requests to 
data store B from identifying the wrong block as the source of data. For example, when a new 
block is written to data store A, the map is updated with the location in the time store of the prior 
contents of data store A. The storage management device 538 employs methods to ensure that 
later in time I/O requests directed to data store B locate the correct data. 

[00189] Variations, modification, and other implementations of what is described herein will 
occur to those of ordinary skill in the art without departing from the spirit and scope of the 
invention as claimed. Accordingly, the invention is to be defined not by the preceding 
illustrative description but instead by the spirit and scope of the following claims. 

What is claimed is: 
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